The !H, I5N and BC backbone and 'H and nC beta resonance assignments of the long-chain flavodoxin from Azotobacter chroococcum (the 20-kDa nifF product, flavodoxin-2) in its oxidized form were made at pH 6.5 and 30 °C using heteronuclear multidimensional N M R spectroscopy. Analysis of the N O E connectivities, together with amide exchange rates, 3J hnh« coupling constants and secondary chemical shifts, provided extensive solution secondary structure information. The secondary structure consists of a five-stranded parallel ß-sheet and five a-helices. One of the outer regions of the ß-sheet shows no regular extended conformation, whereas the outer strand ß4/6 is interrupted by a loop, which is typically observed in long-chain fiavodoxins. Two of the five «-helices are nonregular at the N-terminus of the helix. Loop regions close to the F M N are identified. Negatively charged amino acid residues are found to be mainly clustered around the F M N , whereas a cluster of positively charged residues is located in one of the a-helices. Titration of the flavodoxin with the Fe protein of the A. chroococcum nitrogenase enzyme complex revealed that residues Asn11, Ser68 and Asn72 are involved in complex formation between the flavodoxin and Fe protein. The interaction between the flavodoxin and the Fe protein is influenced by M g A D P and is of electrostatic nature.
Introduction
Fiavodoxins are small redox proteins that serve as lowpotential electron carriers. They all contain a noncovalently bound F M N molecule, which acts as the electronaccepting/-donating group (Mayhew and Tollin, 1992) .
The F M N may exist in three different redox states: oxi dized, one-electron-reduced (i.e. semiquinone), and twoelectro n-reduced (i.e. liydroquinone). In the semiquinone redox-state (SQ) the isoalloxazine part of the F M N has a paramagnetic character due to the unpaired electron on the isoalloxazine moiety (Fritz et al., 1973) . Three-dimen sional structures of several fiavodoxins are known (Watenpaugh et al., 1973; Burnett et al, 1974; Ludwig et al, 1976; Smith et al., 1977 Smith et al., ,1983 Fukuyama et al, 1990; Van Mierlo et al., 1990a; Stockman et al., 1990; Watt et al., * Supplementary Material is available on request, comprising a Materials and Methods section for the expression and purification of the A . chroo coccum flavodoxin, a Table SI containing the parameters of the titration of A. chroococcum flavodoxin with the Fe protein, and a Table S2 containing the l5N, H N, ,3C\ 'H ", 13C P, 'H p and l3C O chemical shifts. **To whom correspondence should be addressed. Abbreviations: SQ, semiquinone; F M N , riboflavin S'-monophosphate; nif, nitrogen fixation; TSP, 3-(trimethylsilyl)propionate sodium salt; DSS, 2,2-dimethy]-2-silaperjtane-5-sulfonate sodium salt.
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D, v u lg a r is
A , n id u la n s underlined (Stockman et al., 1990). 1991). They all consist of a central parallel ß-sheet con sisting of five strands, linked by four or five a-helical segments that occur in parallel pairs on the exterior of the molecule. In the obligate aerobe Azotobacter chroococ cum, flavodoxin-2 acts as an electron donor to nitro genase (Yates, 1972; Bagby et al, 1991) : two-electronreduced flavodoxin transfers one electron to the dimeric Fe protein of the nitrogenase enzyme complex (Kim and Rees, 1994) . After this electron-transfer reaction, the flavodoxin returns to the one-electron-reduced state. The midpoint potential of this semiquinone-hydroquinone couple is -522 mV, which is the most negative redox potential observed for fiavodoxins (Deistung and Thorneley, 1986 ). This potential of -522 m V is almost 400 m V more negative than the midpoint potential of the semiquinone-hydroquinone couple of free F M N , which is -124 m V (Curley et al., 1991) . 
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Materials and Methods
Molecular cloning, protein expression and purification of flavodoxin
The flavodoxin-encoding gene for flavodoxin-2 is located on the major nitrogen-fixation (nif) gene cluster from A. chroococcum. It was located 1.5 kb downstream of the n ifM gene sequenced earlier (Evans et al., 1991) ,
The entire nif F gene on a 1.6~kb Fstl fragment was cloned from the recombinant cosmid p A C B l (Jones et al., 1984) into plasmid p E M B L 1 9 + (Dente et al, 1983 ) to
give p M O Y lO a . The insert was sequenced by the dideoxynucleotide chain-termination method (Sanger et al., 1977) with S'-fa-^SjdATP (600 Ci'mmol; Amersham Interna tional, Little Chalfont, U .K .), sequenase (Amersham International) and 7-deaza-dGTP, instead of d G T P , to eliminate compressions. Sequencing was performed from deletions and completed using oligonucleotide primers.
The sequence ( Fig. 1 A ) was compiled using the University of Wisconsin Genetics Computer Group programmes (Deveraux et al., 1985) . The sequence shows an open reading frame of 180 amino acid residues with a calcu lated pi of 4.27. The deduced amino acid sequence for the A. chroococcum flavodoxin showed 10 differences and overall 94.4% identity with the sequence of the compar able gene product from Azotobacter vinelandii (Bennet et al., 1988) . Detailed information about the expression and purification of the flavodoxin is given in the Supplemen tary Material After purification, the flavodoxin was concentrated in an Amicon Centripep Concentrator (Amicon Ltd., Stonehouse, U .K .). The final yields were 11 and 173 m g for the 13C ,l5N-labelIed and bN-labelled flavo doxin, respectively. The Fe protein of the vanadium-nitrogenase complex from A. chroococcum was purified as decribed by Eady et al. (1988) . points O H ; spectral width 8064 H z) with 16 scans per t, increment, using time-proportional phase incrementation (TPPI) (Marion and Wiithrich, 1983) . Presaturation of the water signal was employed during the 1.5-s relaxation delay. Narrow and wide pulses correspond to 90° and 180° flip angles, respectively. The 90° (grey) water flip-back pulse has a Gaussian profile (with a duration of 2.1 ms). Pulses for which the phase is not indicated are applied along the x-axis. The 'H carrier is positioned at the H 20 frequency (4.71 ppm), the carrier for the ,3C aJ\ l3C a and [iCO pulses are positioned at 47, 59 and 176 ppm, respectively. The power of the ''C " and 13C wP pulses is adjusted such that they do not excite the nC O nuclei. The power of the i:,C O pulses are adjusted such that they do not excite the l3C " nuclei. The shaped nC O pulses have an amplitude profile corresponding to the center lobe of a sine function (with a duration of 202 ¡is). I5N decoupling is accomplished using G A R P modulation with a 2.1-kHz rf field. (A) C B C A N H : Ô = 1,5 ms; e = 2.4 ms; Ç = 11 ms; £= 11.4 ms; k = 3.2 ms; X = 2.65 ms; jll= 1 ms; T Afl -3.55 ms; T N = 5.7 ms and T'N = 8.2 ms. Phase cycling is as follows: <l>j = y; (j)2 = x,-x; V|/,=x;
x,x,-x,-x; (j> 4 = -y; receiver = x,-x ,-x,x; (B) C B C A (C O )N H : 8 = 1.5 ms; e = 2.4 ms; Ç = 3.9 ms; ri = 4.5 ms; 0 = 11.1 ms; Ç= 11.4 ms; k=3.2 ms; ^=2.65 ms; ji=l ms; T AB = 3.55 ms; T N = 5.65 ms and T 'N = 8.1 ms. Phase cycling is as follows: < t > , = y; (j)2 = x,-x; \ j/, =x; < |)3 = x,x,-x,-x; ij)4 = 120° (Bloch-Siegert phase error compensation); 4)s= -y ; ^^-y ; receiver = x-x>-x,x; (C) ct-HNCO: 5 = 2.75 ms; 1 = 2.15 ms; jll= 1 ms; T N = 13.75 ms and T 'N -11 ms;
T ,1n = T n -(t2/2). Phase cycling is as follows: <j)|=y; < t )2 = y,-y; < fo = x,-x; \ |/, = x,x,-x,-x; c (> 4 = 325°; < t )5 = -x; \ |/2 = y; receiver = x,x,-x,-x. Quadrature detection in t¡ is obtained by changing phase \\fi in a States-TPPI manner. For t2, N-and P-type spectra are recorded interleaved; N-type spectra with the gradient pulses are as shown and \ |f2 = y, and P-type spectra with the gradient pulse G , are inverted and ty2 = -y. Pulsed field gradients have a sine-bell shape, with a duration of G , = 1 ms and G 2 = 0.5 ms. Gradient strengths are set to G t = 80 and G 2 = 16, where a gradient strength of 100 corresponds to ca. 60 G/cm at the center of the gradient. Frenkiel et al., 1990; Ikura et al., 1990) experiment with a N O E mixing time of 75 ms was re corded. A 3 D H N H A experiment (Vuister and Bax, 1993) was recorded for measuring 3Jhn h" coupling constants.
Homonuclear de-and rephasing delays according to Vuis ter and were used. In combination with the H A H B ( C O ) N H experiment (Grzesiek and Bax, 1993) the H N H A was also used for the sequential assignment (Vuis ter et al., 1994) . Determination of the 3 J H N H a coupling constants was done according to Vuister and Bax (1993) , using a correction factor of l .L For the 0.9-mM l3C ,15N-labelled flavodoxin sample, the original 3 D triple-resonance experiments were modified to incorporate Cavanagh-Rance-Kay gradient enhancement (Cavanagh and Ranee, 1990; Cavanagh et al, 1991; Pal mer III et al., 1991; K ay et al, 1992) according to Kay et al. (1992) . To minimize signal loss, the water signal is returned to its equilibrium position before the start of the acquisition ) by a selective Gaus sian water flip-back pulse. The present implementation is a simplification of the one suggested by Stonehouse et al. (1994) , in that only one selective pulse is required. Figure   2 shows three of the modified pulse sequences, which are representative for all triple-resonance experiments used in this study: the C B C A N H experiment (Grzesiek and Bax, 1992a ; Fig. 2A ), the C B C A ( C O ) N H experiment (Grzesiek and Bax, 1992b ; Fig, 2B ) and the ct-HNCO experiment (Grzesiek and Bax, 1992c; Jahnke and Kessler, 1994 ; Fig.   2C ). For the sequential assignment a ct-HNCA experi ment (Grzesiek and Bax, 1992c; Jahnke and Kessler, 1994) and a H B H A ( C O ) N H experiment (Grzesiek and Bax, 1993) were also recorded. The ct-HNCA experiment is similar to the ct-HNCO experiment (Fig. 2C) , except for the fact that the 13C O and 13C a frequency labels in Table 1 .
N M R processing and data analysis
The spectra were processed on a Silicon Graphics IndigoII workstation using F E L I X 2.3 (Biosym, San Die go, CA). For processing States-TPPI and P/N-type spec tra macros (written in-house) were used. The data were apodized in the acquisition dimension using a Gaussian multiplication with a line-broadening of -7 H z and a Gaussian multiplication factor of 0.1, before zero-filling to 1024 real points for the 3 D spectra and 2048 real points for the 2 D spectra. For the indirectly detected dimensions the data were apodized using a squared co- 
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Sequential assignments
The sequential assignments were achieved through the use of the CBCA N H experiment in combination with the CBCA(CO)N H experiment and the combined use of the 15N~TOCSY-HMQC, H N H A and H BH A(CO )N H experiments. The assignment started by picking all amide peaks in a 2D *H-I5N HSQC spectrum. The picked peaks were transferred to a 3D ct-HNCO spectrum in order to resolve overlapping resonances. The !H and 15N fre quencies of the picked peaks in the ct-HNCO spectrum next were transferred to the CBCAN H spectrum and adjusted to the corresponding intraresidue 13Ca and !3CP resonances by making use of the CBCA(CO)NH spec trum. Analogously, the 'H-15N frequencies of the picked ct-HNCO peaks were transferred to the H N H A and 15N-TOCSY-HMQC spectra and adjusted to the intra-resid ual 1 H 0 C and !H P resonances, using the HBHA(CO)NH spectrum. Next, spin system information was obtained from the l5N-TOCSY-HMQC, as described by Wüthrich (1986) . Due to the size of A, chroococcum flavodoxin it was not possible to assign all spin systems, but those that were assigned were categorized in the following classes: Gly, Ala, Val, A M X and long-chain. Thanks to their characteristic l3C" and 13C P chemical shift values, Gly, Ala and Ser/Thr could be assigned from the CBCANH/ CBCA(CO)NH experiments (Grzesiek and Bax, 1993) . Cross-peaks of 13Ca resonances of Ser and Thr, which overlap with their in tra resi dual 13C P resonance, are not observed in a CBCAN H experiment because they cancel one another due to their opposite signs. In this case the ct-HNCA experiment was used to determine the 13Ca resonance. Gly and Ala were used as starting points in the sequential assignment using the CBCANH and CBCA(CO)NH spectra. In this way, stretches of sequen tial residues were obtained, which is illustrated in Fig. 4A . In this figure strips are shown along the 13C axes of the CBCANH and CBCA(CO)NH spectra taken at the *H-15N resonance frequencies of Pheli8-Ala123. In combination with the spin-system information these stretches were mapped onto the primary sequence. Ambiguities as to what the next sequential neighbour will be, cause the stretch to end. However, if a stretch can be mapped uni quely onto the primary sequence, 13Ca and 13CP chemical shift information (Grzesiek and Bax, 1993 ) of residue n-2 can be used to identify which of the degenerate n-1 candi dates is the correct one. In this way, almost all amide res onances could be sequentially assigned. Ambiguities in the CBCANH/CBCA(CO)NH-based assignments were solved by assignments based on the HNHA and l5N-TOCSY-HM QC in combination with the HBHA(CO)NH spectra. An example of the sequential assignment based on these three experiments is given in Fig. 4B . This combination of experiments also served as a check for the assignments obtained from the CBCANH and CBCA(CO)NH spectra. Furthermore, it yielded the chemical shifts of the 'H" and lHp protons. Finally, the 13CO chemical shifts were deter mined from the ct-HNCO spectrum. A list of the chemi cal shifts of 'Hn, 15N, 13C\ 'H ", 13CP, !HP and 13CO de- rived from these experiments, is given in the Supplemen tary Material (Table S2) .
The !H-15N cross-peaks in the HSQC spectrum of the side-chain amino groups of Asn and Gin were assigned by comparing the TOCSY and NOESY ladders correlated to the backbone amide proton with those correlated to the side-chain amino protons. The !H-I5N cross-peaks in the HSQC spectrum of the indole NHs were assigned on the basis of observed NOEs between the Trp ß-protons with the intraresidual indole NH proton in a l5N-NOESY-HMQC spectrum.
Secondary structure
The solution secondary structure was determined from NOE connectivity patterns, amide proton exchange, 3JHNHa coupling constants (WiUhrich, 1986) and !H a, 13Ca, l3Cp and l3CO chemical shifts (Wishart et al., 1992; Wis hart and Sykes, 1994) . These data and the secondary structure elements derived from them are shown in Fig. 5 . The NOE connectivity patterns were obtained from the 15N-NOESY-HMQC and the HMQC-NOESY-HMQC experiments, the3J HNHa couplings from the HNHA experi ment, and the amide-proton exchange from 2D !H-I5N HSQC experiments in D 20. Instead of displaying secon dary chemical shift values, the calculated consensus chem ical shift (Wishart and Sykes, 1994 ) is given in Fig. 5 . In combination with the chemical shift information, helical regions are characterized by the presence of daN(ii+3), d aN(i.i+2)> strong or medium doN (iii+ 1) and strong dNN(U+ 1) NOE connectivities, as well as by small 3JHNHa (< 5 Hz) coupling constants (Wiithrich, 1986) . By contrast, ex tended conformations are characterized by strong daN(U+ 1) and weak dNN(i i+ 1) NOE connectivities and the absence of dccN(i,i+ 2) and daN(i.i+ 3J NOE connectivities, as well as by large 3JHNHa (> 8 Hz) coupling constants (Wüthrich, 1986) . Five helical regions can be observed: a l(G ly I3-Lys24), a2(Ala -Tyr4*), a3(Ser/4-Lys81), <x4(Glulü5~-GIu12ü) and a5(Thrl61-Ala173). In Fig. 5 only those daN(i i+ 2) and daN(U+ 3) NOE connectivities which did not show overlap with other sequential N OE connectivities are indicated. Due to overlap in the H N H A spectrum, 3JHNHa coupling constants from only 96 out of 175 non-proline residues could be determined. Between the extended conformations several strong daN(ij} and medium dNN(U) interstrand NOE con nectivities could be identified, indicating that these strands form a parallel ß-sheet. Besides interstrand longrange NOE connectivities, strong connectivities are aiso observed between strand ßl and residues 32-37. These observed long-range (interstrand) NOE connectivities are given in Fig. 6 . The small extended conformation ß5 is not part of the ß-sheet, because no long-range interstrand NOE connectivities couid be observed. Due to the large number of hydrogen bonds in secondary structure ele ments, a large number of slowly exchangeable amide protons are observed for these secondary structure ele ments (Fig. 5) . For the central ß-sheet these slowly ex changeable amide protons and their most probable hydrogen-bond acceptor are indicated in Fig. 6 . Figure 5 also shows the residues of which the amideproton resonance is broadened by the paramagnetic FMN of the flavodoxin in the one-electron-reduced redox state. These residues are therefore closely located to the iso alloxazine part of the FM N (within about 15 Â). From this and Fig. 6 it can be concluded that the FM N ring is located at the C-terminal part of the strands ß2> ß3 and ß6. Furthermore, it is observed that residues G lu135, Phe136, Ser139 and Val142 are only slightly affected by the paramagnetic FM N, meaning that this part of the protein is located further away from the isoalloxazine ring.
Titration of flavodoxin with Fe protein
The titration of oxidized t5N-labelled flavodoxin with dimeric Fe protein (molecular mass of 60 kDa for the homodimer), as indicated in the Supplementary Material (Table SI) , was monitored by recording 2D !H-I5N HSQC spectra after each titration. The intensities of the (H-I5N correlations in these spectra decrease with increasing Fe-protein/flavodoxin ratio (Fig. 7) . Partly, this is an effect of dilution of the sample as more Fe protein is added, but it is also caused by complexation of the flavo doxin with the Fe protein, forming an 80-kDa complex (assuming a 1:1 stoichiometry). Complexation will cause broadening of the lH-l5N resonances of the flavodoxin, and thus a decreased !H-l5N cross-peak intensity. Upon addition of 96 m M KCl, the intensities, despite the extra dilution, again increase, indicating that more uncomplexed flavodoxin is present in the N M R sample (Fig, 7) . Besides these changes in intensities, hardly any significant changes in chemical shifts were detected during the titra tion (Fig, 7, solid lines) , except for three residues. Small but significant chemical shift changes for the backbone amide 15N atom o f Ser68 and the side-chain amino 15N atoms of Asn72 (Fig. 7) and Asn1 1 (Fig. 8) were observed during the titration. No significant chemical shift changes for the corresponding protons were observed. For the one-electron-reduced flavodoxin from Klebsiella pneu moniae it was found that a stronger complex with its Fe protein is formed when M gA D P was present (Thorneley and Deistung, 1988) . MgADP was therefore added at the end of the Fe-protein titration series. For the complexa tion of oxidized flavodoxin with the Fe protein of A. chroococcum, MgADP also has an effect on the complex formation, as chemical shift changes of the above-mentioned resonances are observed upon addition of MgADP (Fig. 8 ). An increase in ionic strength by addition of KC1 causes the chemical shifts to shift towards their uncomplexed chemical shift values (Figs. 7 and 8) .
Discussion
This study reports the lH, l5N and 13C backbone and lH and 13C beta resonance assignments of the flavodoxin-2 from A. chroococcum. To date this is the largest flavo doxin studied by 2D and 3D heteronuclear N M R tech niques. The N M R data (Fig, 5) A. chroococcum flavodoxin also consists of five strands, one outer strand (Ser32-Val37) has no regular-extended conformation, as deduced from the N M R data. Especially the secondary chemical shifts and the presence of some medium-sized 3J hnhk coupling constants give an indication of deviation from a regular-extended conformation. How ever, in view of the observed long-range NOEs to strand ßl (Fig. 6) , the stretch Ser32-Val37 can still be considered as a part of the central ß-sheet. Besides long-range NOEs, strong sequential daN(ii+1) NOEs, indicative for ß-sheet Asp109 are conformation, are also observed in this stretch. Further more, the absence of interstrand NOEs between residues Asp33, Ala34 and strand ßl, is an indication for the irregu larity of this stretch. The second outer strand also shows an irregularity, in that this strand is composed of two sequential stretches, Lys,24~Val126 and Leu150-Leu152, con nected to each other by a loop region. This region con tains the residues which form the extra loop in the longchain fiavodoxins. Furthermore, no ß-sheet consensus chemical shifts for strand ß6 are observed. This means that either this strand also has an irregular-extended conformation, or that the strand is too short to be iden tified by the CSI program as ß-sheet. From Helices were characterized by the presence of daN(i i+ 3), strong or medium daN(u+n and strong dNN(Utl| NOE connectivities, as well as by small 3J hnhu (< 5 Hz) coupling constants. In combination with the consensus chemical shifts, five helical regions were determined: viz., a l(G ly 13-Lys24), a2(Ala42-Tyr48), a3(Ser74-Lys81), a4(Glu105-G lul2ü) and a5(Thr16,-Ala173). Helices a l, a2 and a5 show all the characteristics of a regular a-helix (it has to be borne in mind that not every daN{iik3) connec tivity could be assigned, due to overlap). Figure 5 only shows the unambiguously assigned daN(i i+ 3) NOEs. Helices a3 and a4 show some deviation from a regular a-helix. The deviations for helix a3 are found in the N-terminal part of the helix, where some weak dNN(U+ 1) N OE connec tivities are observed. The fact that hardly any daN(l 1 + 3 ) N OE connectivities are indicated for this helix in Fig. 5 , merely arises from extensive overlap in this region. For helix a4 some medium-sized dNN(ii+1) NOEs, followed by a weak daN(U+1) N O E can be observed for residues Phe107-Ala110. This part, therefore, deviates from a regular a-helix. However, due to the presence of daN(ii+3) NOEs in combination with strong dNN(U+l) NOEs and small 3JHNHa coupling constants for the residues G lu 105 and Asn106, this helix is determined to start at G lu 105,
In Fig. IB the consensus binding-site residues of Anacystis nidulans flavodoxin are underlined (Stockman et a l, 1990 ). The corresponding residues in A. chroococcum flavodoxin also are located near the FM N molecule, since all of them are affected in the one-electron-reduced flavo doxin (Fig, 5) . As for other fiavodoxins (Van Mierlo et al., 1990b; Clubb et al., 1991; Stockman et al., 1993; Peelen and Vervoort, 1994) , the loop-containing residues SerI0-Thr16 must be involved in the binding of the FMN phosphate, because low-field amide-proton chemical shift values, caused by hydrogen bonding to the negatively charged phosphate group, are observed for Ser10 (8.49 ppm), Asn1 1 (10.84 ppm), Thr12 (9.89 ppm), Lys14 (11.15 ppm) and Thr15 (10.72 ppm) (see Supplementary Material, Table S2 ). A dNN(ii¡+ 2) NOE connectivity between the amide protons of Asn1 1 and G ly1 3 indicates the presence of a reverse turn (Wiithrich, 1986) between strand ßl and helix a l . This sheet-turn-helix m otif has in all flavodoxin structures been identified as the FMN-phosphate binding region (Watenpaugh et al., 1973; Burnett et al., 1974; Ludwig et al., 1976; Smith et al., 1977 Smith et al., ,1983 Fukuyama et al., 1990; Van Mierlo et ai., 1990a; Stockman et al., 1990; Watt et al,, 1991) . The residues in the regions of A, chroococcum flavodoxin corresponding to the consen sus FM N binding-site residues Pro55-Glu61 and AlaS8-G ln " of the flavodoxin from A. nidulans, are located close to the FM N NH(3). This can be concluded from the fact that NOE connectivities between Thr57* Tyr103, Asn106, Phe107, Leu108, Asp109 and the FM N NH(3) proton are observed, which are shown in Fig. 9 . Zhou and Swenson (1995) reported that for the flavo doxin from Desidfovibrio vulgaris negatively charged amino acid residues located near the F M N contribute to the low midpoint potential of the semiquinone-hydro quinone couple (-440 mV; Curley et al., 1991) . The mid point potential of the semiquinone-hydroquinone couple ofAE chroococcum flavodoxin is more negative by 82 mV, i.e. -522 mV (Deistung and Thorneley, 1986 (Fig. 5) . From the corresponding residues, as deduced by the alignment in Fig. IB A characteristic feature of the fiavodoxins is the asym metric distribution of the charged amino acid residues; the negatively charged residues are clustered around the FM N binding site, whereas no positively charged residues are observed in the vicinity of the isoalloxazine ring (Watenpaugh et al., 1973; Burnett et al., 1974; Smith et a l, 1983) . For the flavodoxin of A. chroococcum, 13 of the 29 acidic residues are located in the regions affected by the one-electron-reduced FMN, whereas only one basic residue is located in these regions (Fig. 5) . Positively charged residues are mainly located in helix a l (Fig. 5) . Whether or not this is important for the stabilisation of the negatively charged FM N phosphate group, possibly in combination with the dipole moment of helix a l (Hoi et al., 1978) , has to be further investigated. As no posi tively charged helix a l is observed in the fiavodoxins from D. vulgaris and A. nidulans (Fig. IB) (Watt et al., 1991; Stockman et al., 1993) , the former seems not to be the case. On the other hand, this positively charged helix, in combination with the negatively charged cluster around FMN, may play an important role in the formation of the electron-transfer complex, and thus for electron trans fer, with the Fe protein of the nitrogenase enzyme system. For the electron transfer between fiavodoxins and cyto chrome c, electrostatic interactions were proven to be important (Simondson et al., 1982; Weber and Tollin, 1985) . Indeed, electrostatic interactions are important for the complex formation between the flavodoxin and Fe protein leads to a weaker complex as the intensities of the uncomplexed flavodoxin amide resonances increase upon addition of KC1 (Fig. 7) . Furthermore, the 1 5 N chemical shifts of the flavodoxin amino acid residues involved in complex formation, return towards their uncomplexed chemical shift values (Figs. 7 and 8) . Only a few flavo doxin chemical shift changes are observed upon titration of the flavodoxin with Fe protein, and although they are small, they are significant. Larger effects would be ex pected if the Fe protein were to have been in excess. However, for practical reasons this experiment could not be performed. It is interesting to note that the observed chemical shift changes are all located within the same part of the molecule, namely in the region of the extra short loop Gly6l-Glu71. This loop is located near the FMN binding site, since the amide resonances of the residues in this loop are affected by the one-electronreduced FMN (Fig. 5) . Furthermore, this loop must be located at the surface of the protein, as most of the amide protons in this loop exchange within 2 h after redissolving the protein in D 20. The 15N chemical shifts of the amide of Ser68 and the amino side chains of Asn1 1 and Asn72 significantly change when flavodoxin is titrated with the Fe protein. Residues Ser68 and Asn72 are both located in the above-mentioned extra loop, whereas Asn1 1 is not. However, a clear NOE connectivity is observed between the amide proton of the extra loop residue Glu7 1 and one of the amino side-chain protons of Asn11, The observation that the loop residues Ser68 and Asn72 and the nearby Asn1 1 are influenced upon complexation of flavodoxin with the Fe protein indicates that this loop, which is missing in the shorter-chain fiavodoxins, must play an important role in complex formation between flavodoxin and the nitrogenase enzyme system. For these residues only the I5N, and not the *H chemical shifts change sig nificantly when the Fe protein is titrated. This suggests that the interaction of these residues with the Fe protein is not via the amide and side-chain amino protons, but via the oxygen atoms of the backbone carbonyl of Ser67 and the side-chain carbonyls of Asnn and Asn72. This hypothesis is reasonable, since interactions of acidic atoms are expected to be important for complexation with the Fe protein, as the FM N is surrounded by acidic residues. For this reason, the acidic residues Glu62, Asp69 and Glu7J in this extra loop may play an important role in complex formation. However, due to the nature of a 2D 'H-15N HSQC experiment the side-chain atoms of these residues cannot be observed.
The flavodoxin from K. pneumoniae forms a stronger complex with its Fe protein when MgADP is present (Thorneley and Deistung, 1988) . The addition of MgADP shows an additional 15N chemical shift change for the three residues in A. chroococcum flavodoxin involved in complex formation with the Fe protein (Fig. 8) , indicating a change in the nature of this complex, possibly due to a stronger interaction. Especially the side-chain amino group of Asn1 1 is influenced by the addition of MgADP (Fig. 8) . The binding of MgATP and MgADP to the Fe protein results in a change in conformation of the Fe pro tein, which is accompanied by a decrease in the redox po tential of the 4Fe4S cluster of the Fe protein. The 2.9-Â resolution X-ray crystal structure of the Fe protein from A. vinelandii shows a nucleotide binding site to be located at the subunit interface of the dimeric molecule (Georgiadis et al., 1992) . The change in stability of the flavodoxinFe-protein complex we observe most likely arises from a change in conformation of the Fe protein, resulting from MgADP binding at this site. Further studies have to be performed to elucidate the exact role of MgADP, From this titration study it is concluded that the short extra loop GlyGl~Glu71 in the flavodoxin from A. chroo coccum is of importance for the complexation with the Fe protein of the nitrogenase enzyme complex, and that therefore this loop may play an important role in the electron transfer to nitrogenase. From the secondary solution structure information obtained in this study it can be concluded that the struc ture of the flavodoxin from A. chroococcum very much will resemble those of other fiavodoxins. This structural information, therefore, does not provide insight as to what causes the very low semiquinone-hydroquinone midpoint potential for this particular flavodoxin. How ever, the presence of additional negatively charged resi dues surrounding the FMN is discussed to cause this low midpoint potential.
